Increased expression of intercellular adhesion molecule 1 (ICAM-1; CD54) is induced by exposure to ionizing radiation. The lung was used as a model to study the role of ICAM-1 in the pathogenesis of the radiation-induced inf lammation-like response. ICAM-1 expression increased in the pulmonary microvascular endothelium and not in the endothelium of larger pulmonary vessels following treatment of mice with thoracic irradiation. To quantify radiationinduced ICAM-1 expression, we utilized f luorescenceactivated cell sorting analysis of anti-ICAM-1 antibody labeling of pulmonary microvascular endothelial cells from human cadaver donors (HMVEC-L cells). Fluorochrome conjugates and UV microscopy were used to quantify the f luorescence intensity of ICAM in the irradiated lung. These studies showed a dose-and time-dependent increase in ICAM-1 expression in the pulmonary microvascular endothelium. Peak expression occurred at 24 h, while threshold dose was as low as 2 Gy. To determine whether ICAM-1 is required for inf lammatory cell infiltration into the irradiated lung, the anti-ICAM-1 blocking antibody was administered by tail vein injection to mice following thoracic irradiation. Inf lammatory cells were quantified by immunof luorescence for leukocyte common antigen (CD45). Mice treated with the anti-ICAM-1 blocking antibody showed attenuation of inf lammatory cell infiltration into the lung in response to ionizing radiation exposure. To verify the requirement of ICAM-1 in the inf lammation-like radiation response, we utilized the ICAM-1 knockout mouse. ICAM-1 was not expressed in the lungs of ICAM-1-deficient mice following treatment with thoracic irradiation. ICAM-1 knockout mice had no increase in the inf lammatory cell infiltration into the lung in response to thoracic irradiation. These studies demonstrate a radiation dose-dependent increase in ICAM-1 expression in the pulmonary microvascular endothelium, and show that ICAM-1 is required for inf lammatory cell infiltration into the irradiated lung.
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Leukocyte accumulation at sites of tissue injury requires the combined action of multiple families of cell adhesion molecules (reviewed in refs. 1 and 2). Adhesion of leukocytes to the vascular endothelium is an essential step in the inflammatory cell emigration from the circulation (3) . The adhesion event is mediated by the interaction of molecules present on the surface of both endothelial cells and inflammatory cells (4) . The intercellular adhesion molecule 1 (ICAM-1; CD54) is expressed on vascular endothelial cells and is a counterreceptor for integrins in leukocytes, including CD11b͞CD18 (Mac-1), and CD11a͞CD18 (LFA-1) (reviewed in refs. 1 and 2) . This interaction between ICAM-1 and integrins on leukocytes promotes adhesion and transendothelial migration of leukocytes (5) . The requirement for ICAM-1 during leukocyte recruitment to sites of inflammation and tissue injury have been demonstrated in studies using monoclonal anti-ICAM-1 antibodies to block the interaction between integrins on inflammatory cells and endothelial adhesion molecules (6, 7) . The requirement for ICAM-1 in the recruitment of inflammatory cells has been further demonstrated in ICAM-1-deficient mice (8) . These ICAM-1 Ϫ/Ϫ mice do not develop inflammation in response to cytokine challenge.
Recent studies have shown that ICAM-1 expression is induced by ionizing radiation (9, 10) . Radiation-mediated ICAM-1 expression is required for leukocyte adhesion to irradiated endothelial cells in culture (10) . Ionizing radiation has long been recognized to induce an inflammation-like response within irradiated tissues (11) (12) (13) (14) . In particular, the lung is especially intolerant of ionizing radiation. Inflammation is the predominant early histologic change within the irradiated lung (15) (16) (17) (18) (19) (20) . Histologic sections and bronchoalveolar lavage of the irradiated lung have demonstrated a time-and dose-dependent inflammatory response (19, (21) (22) (23) . The sensitivity of particular strains of mice to ionizing radiation is associated with the predisposition to a development of pulmonary inflammation (radiation pneumonitis). Foci of inflammation are regions of tissue injury within the irradiated lung (24) . The lung was therefore utilized as a model to determine the role of ICAM-1 in the pathogenesis of radiation-induced tissue injury in the present study.
Studies presented here demonstrated that ICAM-1 expression was induced within the pulmonary capillary endothelium after exposure to thoracic irradiation. We found a dosedependent increase and ICAM-1 expression in primary cultures of human pulmonary microvascular endothelial cells cultured from cadaver lungs. To determine whether ICAM-1 expression is required for radiation-mediated inflammatory changes in the lung, we utilized ICAM-1 blocking antibodies and the ICAM-1 knockout mouse. These studies demonstrated that there was a radiation dose-dependent increase in ICAM-1 expression within pulmonary microvascular endothelium and that ICAM-1 is required for inflammatory cell infiltration into in the irradiated lung.
METHODS
ICAM-1 Quantitation on Human Pulmonary Microvascular Endothelial Cells. Human microvessel endothelial cells (HMVEC-L; Clonetics, San Diego) were grown in EGM (Clonetics) medium with 10% fetal bovine serum. Endothelial cells were grown to 80% confluence and irradiated with a GE Maxitron x-ray generator as described (10, 25) . Cells were removed from flasks with 0.1% collagenase, 0.01% EDTA, and 0.25% BSA and pelleted in polystyrene tubes. Cells were then incubated with primary IgG1 antibody (mouse antihuman ICAM-1; R & D Systems) for 20 min at 4°C. The cells were then rinsed with isotonic PBS, pelleted, and incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibody (goat anti-mouse IgG1) for 20 min at 4°C. The fluorescein-labeled cells were rinsed in PBS and fixed in PBS containing 0.01% paraformaldehyde. Nonspecific binding was evaluated with the use of FITC-conjugated secondary antibody alone and with a lymphocyte-specific first-step antibody, anti-CD 10 , which does not bind to endothelial cells.
Fluorescence-activated cell sorting analysis was utilized for quantification of receptor expression of ICAM on HMVEC-L as previously described (10) Thoracic Irradiation. Mice were treated with thoracic irradiation at 12.75 Gy. This dose was selected because it induces radiation pneumonitis that results in lethality in 50% of mice within 180 days (LD 50/180 ). Six, 24, and 48 h after irradiation, mice were euthanized by intraperitoneal injection of barbiturate. Lungs were fixed in formalin and embedded in paraffin. Paraffin blocks were then sectioned (5 m thick) and placed on slides. In separate experiments mice were treated with thoracic irradiation and lungs were dissected and fixed at 35 days. Paraffin blocks were sectioned and stained with rat anti-mouse CD45 (leukocyte common antigen; PharMingen). CD45 staining cells in ten ϫ40 microscopic fields were counted from each of three mice, and the means and standard errors were calculated.
Immunohistochemistry. Sections (5 m) of each lung were mounted onto Superfrost Plus slides (Fisher Scientific) baked at 60°C for 1 h, cleared in xylene, and hydrated through a descending alcohol series to distilled water. For E-selectin and CD45 immunostaining, the hydrated sections were incubated with Protease I (Ventana Biotech, Tucson, AZ) for 8 min at 42°C. For ICAM immunostaining, the hydrated sections were incubated with Protease II (Ventana Biotech) for 8 min at 42°C. After washing briefly in ddH 2 O, endogenous activity was blocked by treatment of the sections with 3% hydrogen peroxide in methanol for 20 min. Two tissue sections from each case were then incubated overnight at 4°C at a titer of 2.5 g͞ml for CD45 and ICAM (PharMingen). One slide from each sample was treated in a similar fashion and incubated overnight in normal serum immunoglobulin (Ventana Medical Systems, Tucson, AZ). The immunohistochemical staining was performed on a Ventana Gen 11 system (Ventana Medical Systems). The Ventana Gen 11 utilizes an indirect strepavidin biotin system conjugated with horseradish peroxidase (HRP) for detecting the immunocomplex and diaminobenzidine as substrate for localization. The Ventana Gen 11 uses a cartridge delivered avidin͞biotin blocking kit to block endogenous biotin. The immunostained sections were counterstained with hematoxylin, dehydrated through an ascending alcohol series, cleared, and coverslipped.
During antibody-blocking studies, C3H mice were treated with thoracic irradiation (12.75 Gy). A single injection of 50 g of the ICAM-1-blocking antibody (Becton Dickinson) was administered by tail vein injection at 16 h after irradiation. Lungs were dissected and fixed in formalin at 35 days. Paraffin blocks were sectioned and stained using rat anti-mouse CD45. Again, ten ϫ40 microscopic fields were counted from each of three mice, and the means and standard errors were calculated.
Immunof luorescence Staining. Immunofluorescence replaced HRP immunohistochemistry when quantitation was needed because fluorescence intensity can be measured. Lung sections (5 m) were mounted on slides and labeled with antibodies (ICAM-1 or CD45) as described above. Following incubation with biotinylated secondary antibody, blocking solution was added for 30 min in a humid chamber at 37°C. Avidin-Cy3 (5 g͞ml; Amersham) was added to 200 l of blocking buffer and filtered through a 0.2-m Millipore filter. Avidin-Cy3 solution was added to tissue sections, coverslipped and incubated for 30 min in a humid chamber at 37°C. Coverslips were removed and sections were washed using 4ϫ standard saline citrate (SSC)͞0.1% Triton X-100 at 39°C. Slides were counterstained in 4Ј,6-diamidino-2-phenylindole (DAPI) and rinsed with 2ϫ SSC for 10 sec. Slides were then coverslipped with antifade and blotted. Immunofluorescence was visualized using UV microscopy and NIH IMAGE software as described (26) . CY3-labeled CD45ϩ cells were counted in ten ϫ40 microscopic fields. The mean and SEM were calculated.
During quantitation of ICAM-1 in vivo, immunofluorescence was visualized using UV microscopy, NU200 and NIH IMAGE software. DAPI staining of nuclei was used as a control to verify that fluorescence was measured in the same number of cells in each lung section. Fifty nuclei were framed and anti-ICAM immunofluorescence was determined by use of NIH IMAGE software. Fluorescence intensity was determined for each pixel within the framed cells and the number of fluorescent pixels were counted by use of NIH IMAGE. The increase in the number of pixels showing fluorescence was determined. The mean and SEM of anti-ICAM-1 immunofluorescence of three lungs was determined for each dose of thoracic irradiation.
Irradiation of ICAM-1-Deficient Mice. ICAM-1-deficient (ICAM-1 Ϫ/Ϫ ) mice (8) were obtained from The Jackson Laboratories and were crossbred with ICAM-1 ϩ/ϩ mice in the University of Chicago Transgenic core laboratory to obtain ICAM ϩ/Ϫ progeny. The ICAM Ϫ/Ϫ mice were developed from C57BL͞6 mice which develop inflammatory cell infiltrates within the irradiated lung (24) . ICAM-1 ϩ/ϩ , ICAM-1 Ϫ/Ϫ , and heterozygous mice were each treated in the following manner during the same experiment: 6-week-old mice were treated with thoracic irradiation using 12.75 Gy. At 1, 2, and 35 days following irradiation, mice were euthanized with i.p. phenobarbital. Lungs were dissected and fixed in formalin. Paraffin blocks were sectioned and stained as described above. Paraffin sections of lungs were stained with rat anti-mouse ICAM-1 (R & D Systems) or rat anti-mouse CD45 (leukocyte common antigen) as described above. CD45-stained cells were counted as described above.
RESULTS

Quantitation of ICAM-1 Expression on HMVEC-L Cells.
To characterize the pattern of ICAM-1 expression in irradiated endothelial cells, we irradiated HMVEC-L endothelial cells from cadaver donors (Clonetics). The HMVEC-L cells were irradiated with 1, 2, 5, 10, and 20 Gy. At 1, 24, 48, and 72 h following irradiation, cells were fixed and stained with anti-ICAM-1 antibody. Fig. 1 shows a dose-dependent increase at 24 h and the percentage of endothelial expressing ICAM-1 at 24 h after x-irradiation. There was no increase in ICAM expression at 1 h, whereas expression persisted to 72 h after radiation. There was no increase in ICAM-1 expression after exposure to 1 Gy. A dose-dependent increase in the percentage of endothelial cells expressing ICAM-1 was observed beginning at 2 Gy (40%, P ϭ 0.06), and increased to 53% of cells after exposure to 20 Gy (P ϭ 0.01).
Cell Adhesion Molecule Expression on Pulmonary Vascular Endothelium of Mice Treated with Thoracic Irradiation. To study expression of ICAM-1 protein in vivo in the lung, we irradiated the thorax of C3H mice. Six, 24, and 48 h and 7 days after irradiation, mice were euthanized by i.p. injection of barbiturate and lungs were fixed and sectioned. Lung sections were incubated with rat anti-mouse ICAM-1 (R & D Systems). Low levels of ICAM-1 expression were found in the pulmonary vascular endothelium of untreated mice (Fig. 2) . ICAM expression increased at 24 h after irradiation and persisted for 7 days after irradiation (Fig. 3) . The predominant pattern of staining was in the microvascular endothelium within the alveolar septa.
To quantify ICAM-1 expression in vivo, immunofluorescence was visualized using UV microscopy and NIH IMAGE software. DAPI staining of nuclei were used as to verify that fluorescence was calculated for the same number of cells in each lung section. Fifty nuclei were framed and anti-ICAM immunofluorescence was determined by use of NIH IMAGE software (Fig. 2 A) . The fold increase in the number of pixels showing fluorescence was determined. Shown in Fig. 2B are the mean and SEM of the fold increase in fluorescence for each dose of thoracic irradiation. We found that a dose of 2 Gy increased anti-ICAM immunofluorescence by 50%, while a dose of 5 Gy increased expression 3-fold and 10 Gy produced a 5-fold increase as compared with anti-ICAM immunofluorescence in untreated control lungs (Fig. 2B) .
Inf lammatory Cell Infiltration into the Irradiated Lung. To characterize leukocyte infiltration into the lungs of C3H mice treated with thoracic irradiation, lungs were fixed and sectioned 35 days after exposure to 12.75 Gy of radiation. Lung sections were incubated with antibody to murine leukocyte common antigen (CD45). Fig. 4 shows minimal leukocyte staining in lungs from mice treated with sham irradiation and an increase in leukocyte staining within the alveoli and septa of mice at 35 days after thoracic irradiation. To determine whether ICAM-1 is required for infiltration of leukocytes into the irradiated lung, we injected the anti-ICAM-1 blocking antibody by tail vein injection at 16 h after irradiation. This antibody has been shown to block leukocyte binding to irradiated endothelial cells (10) . The lungs from irradiated C3H mice treated with the anti-ICAM-1-blocking antibody showed attenuated leukocyte staining at 35 days as compared with animals injected with pre-immune antiserum (Fig. 4C) . Table  1 shows the quantification of CD45-stained cells in lungs of C3H mice treated with thoracic irradiation. CD45-stained cells were counted in ten ϫ40 power fields and the average number of leukocytes per field is shown. The average number of inflammatory cells in lungs from control mice was 16 per ϫ40 field, whereas the inflammatory cell count in lungs from mice treated with thoracic irradiation was 55 per ϫ40 field (P Ͻ 0.01). Mice receiving anti-ICAM-1-blocking antibody after thoracic irradiation had 23 CD45 cells͞field as compared with 12 CD45 cells͞field in lungs from mice treated with antibody and no irradiation (Table 1) .
Radiation-Mediated Inf lammation in ICAM-1-Deficient Mice. To substantiate the role of ICAM-1 in the pathogenesis of radiation-mediated inflammation, we studied microscopic sections of lungs from x-irradiated ICAM-1 Ϫ/Ϫ mice. ICAM-1 Ϫ/Ϫ mice were crossbred with ICAM ϩ/ϩ mice to determine whether ionizing radiation induces inflammatory cell infiltration into lungs of ICAM ϩ/ϩ , ICAM Ϫ/Ϫ , and ICAM ϩ/Ϫ mice. Mice were treated with thoracic irradiation or sham irradiation. The lungs were excised at 24 and 48 h after irradiation, sectioned, and stained with the anti-ICAM-1 antibody. As shown in Fig. 5 , ICAM-1 expression in the pulmonary vascular endothelium was not detected in ICAM-1-deficient mice. Radiation-mediated ICAM expression was attenuated in ICAM ϩ/Ϫ mice (Fig. 5) . In contrast, ICAM ϩ/ϩ mice had a marked increase in ICAM-1 expression following thoracic irradiation.
To determine whether ICAM is required for radiationmediated inflammation, we studied inflammatory cell infiltration into the lungs of irradiated ICAM-deficient mice. Immunofluorescence of anti-CD45 antibody was used to label and count inflammatory cells in lung sections. ICAM-1 Ϫ/Ϫ mice (8) were treated with thoracic irradiation and lungs were dissected at 5 weeks after irradiation. Table 2 shows the average number of CD45 staining cells from ten ϫ40 fields. Fig. 6 shows inflammatory cells labeled with CD45 antibody immunofluorescence in lung sections. Irradiated lungs from ICAM ϩ/ϩ mice had a mean of 43 CD45 staining cells per ϫ40 field, as compared with 18 CD45 staining cells per ϫ40 field in nonirradiated lungs (P Ͻ 0.05). In contrast, lungs from ICAM-1-deficient mice had 5 CD45 staining cells per ϫ40 field following irradiation, as compared with 4 CD45 staining cells per ϫ40 field in lungs from nonirradiated control mice (Table  2) . Inflammatory cell infiltration into irradiated lungs of ICAM ϩ/Ϫ mice (32 per ϫ40 field) approximated that in ICAM ϩ/ϩ mice (P Ͼ 0.1), indicating that reduced ICAM-1 expression is not sufficient to prevent radiation pneumonitis.
DISCUSSION
Our objective in this study was to characterize the radiationmediated induction of ICAM-1 in the irradiated lung. The initial time of ICAM-1 expression on irradiated endothelial cells in culture is similar to that observed in the pulmonary vascular endothelial cells of mice treated with thoracic irradiation (10) . ICAM-1 expression on endothelial cells begins at 24 h and persists for 7 days. The single dose required to achieve ICAM-1 expression in the irradiated lung is greater than 2 Gy in the present study. A dose of 2 Gy is typically used during radiation therapy. The risk of radiation pneumonitis increases with increasing fraction size (reviewed in refs. 27 and 28). When patients are treated with a 10-Gy dose during total body radiation, this gives an increased incidence of radiation pneumonitis as compared with 13.5 Gy given as 1.5-Gy fractions twice daily. Fraction sizes greater than or equal to 2.5 Gy gave a greater incidence of radiation pneumonitis. We propose that ICAM-1 induction and the consequent inflammatory infiltration into the lung in part contributes to the dose-dependent incidence of radiation pneumonitis.
Immunofluorescence was used to study ICAM expression in the lungs of irradiated mice. This technique is semiquantitative, because immunofluorescence may be amplified by this technique. Three layers of staining are used. Anti-CD45 antibody is the first layer. Multiple biotinylated secondary antibodies may bind to each of the primary antibodies. Multiple avidin-fluorochrome molecules will then bind to each of these secondary antibodies. The net effect is amplification of the fluorescence of anti-ICAM antibody. Therefore, we expect that quantification of the fluorescence by use of this system may be an overestimate of ICAM expression in vivo.
Ionizing radiation mediates adhesion of leukocytes to endothelial cells. We and others have demonstrated that neutrophils bind to irradiated endothelial cells in vitro (10, (29) (30) (31) . ICAM-1-blocking antibodies effectively prevented leukocyte adhesion to irradiated endothelial cells. To determine whether blocking antibodies also prevent leukocyte infiltration into the irradiated lung, we administered the monoclonal anti-ICAM-1 antibody to mice following thoracic irradiation. Anti-ICAM-1 antibody attenuated the increase and the number of CD45 staining cells within the lungs of irradiated mice. The effectiveness of a single administration of the blocking antibody suggests that radiation-mediated ICAM-1 induction is transient, as we have described (10) . The requirement of ICAM-1 expression in the development of inflammatory cell infiltration in the irradiated lung was verified by the use of ICAM-1-deficient mice. We found that ICAM-1 Ϫ/Ϫ mice did not develop an increase in CD45 staining cells in the lung following thoracic irradiation.
To quantify the number of inflammatory cells in the irradiated lung, we utilized antibodies to leukocyte common antigen (CD45), which is present on all leukocytes. CD45-stained cells were then counted under ϫ40 objective microscopic analysis. HRP-conjugated antibodies gave the same cell count as fluorochrome-conjugated antibody. We show photographs of CY3 fluorochrome rather than HRP, because it gives greater intensity and contrast during imaging, and the black and white photographs are more easily interpreted. The number of CD45-stained cells shown in Fig. 6 is less than the cell count shown in Table 2 for two reasons. The captured image is Ϸ40% of the area observed by microscopic analysis and cell counts are done on multiple plains of focus. A greater number of labeled cells are observed by direct microscopy than what are shown on representative photographs.
The sensitivity of various strains of mice to lung irradiation is associated with a predisposition to the development of pulmonary inflammation (radiation pneumonitis) (24, 32, 33) . C3H and C57BL6 strains of mice, in particular, develop inflammatory cell infiltrates within regions that evolve radiation-induced pathology (24) . C3H and C57bl6 strains of mice, in particular, develop inflammatory cell infiltrates within regions that evolve radiation-induced pathology (24) . In the present study, we found that radiation-mediated ICAM-1 expression occurred in all both of these strains mice. This finding is supported by previous studies that demonstrate inflammation in both strains (24, (32) (33) (34) . Moreover, the pattern of expression was similar in each of the strains of mice in that the pulmonary capillary endothelium expressed ICAM-1, whereas the vascular endothelium from larger vessels showed no ICAM-1 expression. These data demonstrate that ICAM-1 induction may be a common event in the pathogenesis of lung injury in C3H and C57BL6 mice following thoracic irradiation.
The radiation-mediated increase in ICAM-1 mRNA expression requires no de novo protein synthesis and is blocked by the actinomycin D transcription inhibitor (10, 25) . The 1.2-kb segment of the 5Ј regulatory region of the ICAM-1 gene is sufficient to regulate activation of radiation-induced transcription (10, 25) . Hallahan et al. (25) have also shown that binding of transcription factor NFB to DNA is activated in endothelial cells treated with x-rays. These findings in endothelial cells are consistent with findings of NF-B activation in irradiated lymphocytes and leukemia cell lines (35, 36) . Moreover, NF-B activation is inhibited by glucocorticoids, which are used clinically to prevent the inflammatory response to ionizing radiation.
We have previously shown that tumor necrosis factor ␣ (TNF-␣) is induced following irradiation of monocytes and human tumor cells (37, 38) . IL-1 is another radiation-inducible cytokine in rodent fibroblasts (39, 40) . Both TNF and IL-1 mediate inflammation by binding to their respective receptors on endothelial cells to induce the expression of the leukocyte adhesion molecules P-selectin, vascular cell adhesion molecule 1 (VCAM-1), ICAM-1, and E-selectin. We found that radiation induction of cell adhesion molecules is distinct from that observed after cytokine stimulation in that radiation induced CAMs are limited to E-selectin and ICAM, but not P-selectin or VCAM (10) . Furthermore, production of TNF-␣ and IL-1 following irradiation of macrophages occurs 12-18 h after irradiation (37, 39) , whereas E-selectin and ICAM-1 gene expression occurs 2-3 h after irradiation (25) . Taken together, these data suggest that TNF-␣ and IL-1 are not necessary for radiation-mediated cell adhesion molecule induction in the vascular endothelium. We propose that increased cell adhesion molecule expression is essential for the pathogenesis of radiation pneumonitis and results in inflammatory changes in irradiated tissues. Radiation therapy is a primary treatment modality for intrathoracic malignancies such as lung carcinoma, Hodgkin disease, and non-Hodgkins lymphomas involving the mediastinum. However, impaired pulmonary function following radiation therapy is a commonly observed sequela. We have found that ICAM-1 induction in the pulmonary vasculature is dose-dependent and participates in the pathogenesis of inflammatory cell infiltration of the irradiated lung. Pharmaceuticals that block ICAM-1 induction or prevent leukocyte binding to ICAM-1 may therefore reduce the incidence of lung injury following radiotherapy for intrathoracic malignancies.
